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 1. Introduction 
Osteotomy of the first metatarsal (1MT) and arthrodesis of the first tarsometatarsal 
joint are commonly performed to correct hallux valgus (HV). The goal of these 
procedures is to correct varus deformity of the 1MT. However, the 1MT head is more 
pronated, as well as varus, in the feet with HV than in the feet without HV [1-3]. The 
deformity in the coronal plane has an important role in the development and progression 
of HV deformity because it is frequently accompanied by subluxation of the sesamoid 
complex and causes an imbalance of muscle force acting across the first 
metatarsophalangeal joint [4]. Moreover, residual pronation is a risk factor of recurrence 
after HV surgery [5]. Consequently, the importance of correcting 1MT pronation, in 
addition to correcting varus deformity, has been increasingly recognized [6-9]. 
Therefore, the measurement of 1MT pronation can guide the magnitude of supination of 
the 1MT to correct pronation deformity and the risk assessment of postoperative 
recurrence [1, 5, 6].  
Several methods, including computed tomography (CT) [1, 9], shape of the lateral 
edge of the 1MT head (round sign) on the dorsoplantar radiograph of the foot [5, 10], 
and 1MT axial radiograph [2, 3], have been reported for the measurement of 1MT 
pronation. Similar radiographic views have been used to assess the sesamoid 
subluxation and transverse arch of the metatarsophalangeal joints [11]. For routine 
clinical use, the 1MT axial radiograph has several advantages over other methods: it is 
more easily obtained at a lower cost and radiation exposure than CT. It also provides a 
quantitative assessment compared with the qualitative 
 assessment using round sign. The amounts of pronation measured using the 1MT axial 
view were reported to be from 6° to13° in feet with HV and 2° in feet without HV, 
although a large variability existed [3, 9].  
The measured pronation angle on the 1MT axial view may be different from the 
actual amount of pronation along the longitudinal axis of the 1MT because this view 
does not provide the exact axial projection of the 1MT (Fig. 1A). Considering that 
surgeons determine the amount of supination along the longitudinal axis of the 1MT to 
correct pronation deformity during HV surgery [6, 8, 12], evaluation o 44 f the 
difference between the two values 
 is of clinical importance. Furthermore, the alignment of the 1MT on the radiographic 
image can be variable depending on the foot position and posture during image 
acquisition (Fig. 1B, C). Since achieving consistent foot position is quite difficult in the 
clinical setting [13, 14], understanding the influence of these factors on the 
measurement is critical. Saltzman et al. [3] showed, in the cadaveric study, that a 5° 
change in rotation along the 1MT was associated with a change in rotation of 5.4° on 
the 1MT axial view. However, the authors [3] did not show the detailed statistical result. 
They also did not assess the influence of foot position on the measurement error.  
The purposes of this study were to clarify 1) the measurement error of the pronation 
angle using the 1MT axial view with the pronation angle along the longitudinal axis of 
the 1MT as the reference standard, 2) the influence of variability in the foot position on 
the measurement error, and 3) the intra- and interrater reliability of pronation angle 
measurement on the axial view. 
 
2. Methods 
For the 1MT axial radiograph in the clinical setting, patients stand on the wedged 
platform with the ankle slightly plantarflexed and the first metatarsophalangeal joint 
slightly extended. The X-ray beam is directed horizontally from posterior to anterior 
towards the first metatarsophalangeal joint (Fig. 1A) [2, 3]. The standard foot position 
during acquisition of the axial view varies slightly among studies [2, 3, 11]. We use the 
foot position of Mortier et al. [2], in which the 1MT is aligned parallel to the X-ray 
beam in the transverse plane (Fig. 1A). The 1MT pronation angle can be quantified by 
measuring the tilt of the sesamoid-metatarsal facet (Fig. 1B). In this study, we created 
the simulated 1MT axial radiographs using the CT images. 
 
2.1. Subjects 
This study was approved by the Institutional Review Board of our hospital, and all 
patients provided written informed consent.  
We reviewed the database of patients who visited the foot and ankle clinic of our 
hospital between January 2012 and October 2017. The inclusion criterion was 
performance of CT as a preoperative evaluation. The exclusion criteria were a history of 
foot and ankle surgery before CT examination; osteoarthritis of the first 
metatarsophalangeal joint (≥ grade 2) [15]; destruction of the first metatarsophalangeal 
joint due to infection, inflammatory diseases, or tumor; and age < 20 years.  
Deformity of the 1MT head can develop in patients with HV because osteoarthritic 
changes in the sesamoid-metatarsal joints are commonly accompanied by HV deformity 
[16]. The deformity of the 1MT head potentially affects the measurement accuracy of 
1MT pronation. Therefore, we further selected subjects with HV angle < 20° (non-HV 
group) and those with ≥ 30° (HV group) for the analysis using two distinct subject 
populations. We assumed that the incidence of osteoarthritis in the sesamoid-metatarsal 
joint was more in the HV group than in the non-HV group. 
 
2.2. Subject characteristics 
Subject characteristics, including sex, age, and diagnosis for undergoing CT, were 
recorded. HV and intermetatarsal angles between the first and second metatarsals were 
measured on the preoperative weight-bearing dorsoplantar radiographs of the foot [17]. 
Additionally, the presence or absence of osteoarthritis of the sesamoid-metatarsal joint, 
defined as the presence of joint space narrowing, subchondral sclerosis, cystic change, 
or disappearance of the intersesamoid ridge, was assessed using the coronal 
reconstructed CT images according to Katui et al.[16] One certified orthopaedic 
surgeon, who 86 was blinded to the subject characteristics, performed the assessments.  
A total of 48 potential subjects were screened, and 10 subjects for both non-HV and 
HV groups were included in the analysis (Supplement). The HV angle (P = .009) and 
intermetatarsal angle (P = .01) were significantly larger in the HV group than in the 
non-HV group (Table 1). Osteoarthritis of the sesamoid-metatarsal joint (P < .001) was 
more frequent in the HV group than in the non-HV group (Table 1). The diagnoses in 
the non-HV group were foot and ankle osteoarthritis in 4 subjects, talar necrosis in 2, 
talocalcaneal coalition in 1, symptomatic flatfoot in 1, ankle instability in 1, and ankle 
fracture in 1. The diagnoses in the HV group were ankle osteoarthritis in 3 subjects, 
symptomatic flatfoot in 2, foot and ankle fracture in 2, midfoot osteomyelitis in 1, and 
HV in 2. 
 
2.3. Digitally reconstructed radiographs 
Subjects underwent CT with the foot and ankle (Aquilion 64, Toshiba Medical 
Systems Corporation, Otawara, Tochigi, Japan). The CT images were obtained with the 
foot and ankle approximately in a neutral position, although it was not defined strictly. 
As described below, we extracted only the 1MT from the foot images. Therefore, the 
foot position did not affect the result of this study because the shape of the bone did not 
change depending on the foot position. The image acquisition setting was as follows: 
resolution, 1.7 pixels per inch; image size, 512 × 512 pixels; and slice thickness, 0.5 
mm. The images were loaded in the image reconstruction software (AquariusNet, 
TeraRecon, Foster City, CA, USA) and viewed with three-dimensional volume 
rendering (Fig. 2A). By adjusting the window level (295 HU), window width (482 HU), 
and transparency (0.10), a simulated radiograph (digitally reconstructed radiography 
[DRR]) of the foot was generated in a three-dimensional virtual space on the computer 
screen (Fig. 2B). These parameters were determined according to the manufacturer’s 
recommendation to create bone models. The examiner can rotate the bone model 
through 360° along the three axes in the virtual space. The bones except for the 1MT 
were deleted for subsequent procedures.  
The 1MT DRR was aligned in a neutral position, in which the longitudinal axis of 
the 1MT DRR was parallel to the anteroposterior axis of the virtual space, and the line 
connecting the medial and lateral edges of the sesamoid-metatarsal joint under the 
metatarsal head was parallel to the mediolateral axis of the virtual space. (Fig. 3). The 
longitudinal axis of the 1MT DRR was the line connecting the centers of the 
metaphyseal/diaphyseal region 1 to 2 cm proximal to the distal articular surface and 1 to 
2 cm distal to the proximal articular surface [17].  
The 1MT was first rotated at a known angle in the coronal plane, along the 
anteroposterior axis of the virtual space (Fig. 4A). This rotation angle served as the 
reference for pronation angle because the 1MT is supinated along the longitudinal axis 
to correct pronation deformity during HV surgery [6, 8]. The bone was then rotated 
along the mediolateral and superoinferior axes, with a pronation-plantarflexion-
adduction sequence to simulate the 1MT axial view and also the variability in the foot 
position (Fig. 4B). The DRR image, which simulated the 1MT axial view, was stored 
after rotations along the three planes were performed. This procedure was repeated with 
different rotations (−10° to 30° for supination, 25° to 35° for plantarflexion, and −10° to 
10° for adduction at 5° increments) to create 135 DRR 1MT axial views (9 pronations × 
3 plantarflexions × 5 adductions) from each bone (Fig. 4B). The range of supination 
was determined according to previous reports which measured the 1MT supination 
angle in subjects with HV and without HV [2, 3, 9]. The plantarflexion angle was the 
sum of the 1MT inclination angle (15° ± 5°) [5] and the inclination angle of the 
positioning platform for radiography (15°) (Fig. 1A) [11] The range of adduction was 
determined 128 from our clinical experience, in which the foot malposition in the 
transverse plane falls within ± 10°. All images were anonymized and saved as a Digital 
Imaging and Communications in Medicine format. 
 
2.4. Measurement of first metatarsal pronation angle on digitally reconstructed 
radiographs 
The DRR 1MT axial views were loaded on the image analysis software (Image J, 
http://rsb.info.nih.gov/ij/), and the 1MT pronation angle of each image was measured 
with an increment of 0.1°. Pronation angle was defined as the angle between the line 
connecting the medial and lateral edges of the sesamoid-metatarsal joint and the 
horizontal line [2, 3]. A certified orthopaedic surgeon (Rater 1) and a senior orthopaedic 
resident (Rater 2), who were blinded to the subject characteristics and the other 
radiographic measurements such as HV angle and osteoarthritis of the sesamoid-
metatarsal joint, measured the 1MT pronation angle of each DRR 1MT axial view. 
 
2.5. Statistics 
2.5.1. Subject characteristics 
Categorical data were expressed as number and frequency. Continuous data were 
expressed as mean and standard deviation because they had a normal distribution. 
Subject characteristics and radiographic measurements, including HV angle, 
intermetatarsal angle, and the incidence of sesamoid-metatarsal joint osteoarthritis, were 
compared between the two groups using t-tests and Fisher's exact tests. 
 
2.5.2. Measurement error 
The measurement error was obtained by subtracting the reference pronation 149 
angle along the longitudinal axis of the 1MT from the pronation angle measured on the 
DRR 1MT axial view. The measurement error was assessed using the mean error and 
95% limits of agreement for the HV and non-HV groups. The 95% limits of agreement 
are the range within which 95% of the measurement errors are expected to lie. They are 
calculated as [mean error ± 1.96 × standard deviation (measurement error)] [18]. 
 
2.5.3. Correlation of measurement error with DRR 1MT pronation, plantarflexion and 
adduction angles 
A simple linear regression analysis was used to test the correlations of the 
measurement error with pronation, plantarflexion and adduction angles of the DRR 
1MT. 
 
2.5.4. Reliability of first metatarsal pronation angle measurement 
To assess the intra- and interrater reliability of measurement, 30 DRR 1MT axial 
images were randomly selected from the HV and non-HV groups, respectively. Rater 1 
measured the pronation angle of the images twice with an interval of 4 weeks. Intrarater 
reliability was calculated using the intraclass correlation coefficient (ICC (1,1)) with a 
95% confidence interval, and minimum detectable change at the 95% confidence level 
(MDC95) [19]. The MDC is the value within which 95% of the difference between the 
two measurements is expected to lie. It is calculated as [1.96 × standard deviation 
(measurement difference)] [18]. To assess interrater reliability, Rater 2 measured the 
pronation angle of the same images once, and the result was compared with those of the 
first measurement by Rater 1. The ICC (2,1) with a 95% confidence interval, and 
MDC95 were calculated. Statistical significance was set at P < .05 for all statistical 
tests. 
 
3. Results 
3.1. Measurement error 
The mean (standard deviation) pronation angle measurement of the DRR 1MT axial 
view was 10.1° (12.7°) for the non-HV group and 10.1° (12.8°) for the HV group. For 
the non-HV group, the mean error was 0.1° (95% confidence interval 0°, 0.2°). The 
upper and lower 95% limits of agreement were 2.2° and -2.4°, respectively. For the HV 
group, the mean error was 0.1° (95% confidence interval 0.1°, 0.2°). The upper and 
lower 95% limits of agreement were 2.1° and -1.9°, respectively. 
 
3.2. Correlation of measurement error with DRR 1MT pronation, plantarflexion and 
adduction angles 
For the non-HV group, there was no significant correlation between measurement 
error and pronation angle 
(P = 1.00, Fig. 5A). There was also no significant correlation of measurement error with 
plantarflexion (P = .85, Fig. 5B) or adduction (P = .96, Fig. 5C) angle. For the HV 
group, there was no significant correlation between measurement error and pronation 
angle (P = .90, Fig. 6A). There was also no significant correlation of measurement error 
with plantarflexion (P = 1.00, Fig. 6B) or adduction (P = .86, Fig. 6C) angle. 
 
3.3. Reliability of pronation angle measurement on DRR 1MT axial view 
In the non-HV group, the ICC and MDC95 were 0.98 and 0.7°, respectively for the 
intrarater reliability of Rater 1. For the interrater reliability between Rater 1 and 2, the 
ICC and MDC95 were 0.99 and 1.4°, respectively (Table 2). In the HV group, the ICC 
and MDC95 were 0.98 and 0.7°, respectively for the intrarater reliability of Rater 1. For 
the interrater reliability between Rater 1 and 2, the ICC and MDC95 were 0.99 and 1.4°, 
respectively (Table 2). 
 
 
4. Discussion 
We showed that the measurement error of 1MT pronation angle using the DRR 
1MT axial view, with the 1MT rotation along the longitudinal axis as the reference, was 
expected to be less than 2.5°. We also showed that the measurement error was not 
correlated with coronal, sagittal or transverse rotation of the 1MT bone on the 1MT 
axial view. Additionally, the intra- and interrater reliability of measurement was 
sufficient for clinical use. Therefore, measurement of pronation on the 1MT axial view 
could be used to quantify axial rotation of the 1MT.  
We found that the mean measurement errors of the 1MT pronation angle in the DRR 
1MT axial view were 0.1° in both the non-HV and HV groups. Considering that the 
difference in pronation angle between people with HV and those without HV is about 
10° [2, 3, 9], the measurement error was acceptable for clinical application. Saltzman et 
al. [3] reported that, in a cadaveric study, rotation of the 1MT by 5° resulted in a change 
in the measurement of the axial view by 5.4°. Although the authors [3] did not show the 
detailed statistics, their result was consistent with our result. Taken the result of our 
study and that of Saltzman et al. [3] together, the 1MT axial view provides quantitative 
assessment of 1MT pronation.  
The measurement error of the 1MT pronation angle on the DRR 1MT axial view 
was not correlated with the coronal, sagittal or transverse rotation of the 1MT. In other 
words, malposition of the foot, which could occur while obtaining the radiograph in the 
clinical setting, did not influence the measurement. Radiographic measurements need to 
tolerate perturbations of positioning that could possibly develop in the clinical setting. 
The 1MT pronation measurement using the axial view appeared to be relatively robust 
against changes in foot position.  
The intra- and interobserver reliability of pronation angle measurement on the DRR 
1MT axial view was high in both the non-HV and HV groups. Saltzman et al. [3] 
assessed the interrater reliability of 1MT pronation angle measurement. The authors [3] 
showed that the Pearson's correlation coefficient was 0.93 for the images of the subjects 
with HV and 0.95 for those of the control subjects. Our result agreed with that of 
Saltzman et al. [3]  
We used the DRR images as an alternative to standard radiography. It has been used 
in studies to clarify the effect of foot and ankle malposition on radiographic 
measurements [10, 13, 20], and the geometrical reliability has been validated [21]. DRR 
has advantages over other methods using cadavers and human subjects [10, 13]: 
Multiple images can be obtained easily from one set of CT images. The amount of 
rotation is accurate since rotations are performed in virtual space. Additionally, 
expensive cadaver specimens are not necessary to obtain data from a large number of 
subjects. Unnecessary radiation exposure, which inevitably occurs when multiple 
radiographs are obtained from a single subject for research purpose, can be avoided.  
This study has several limitations. First, the image quality of digitally reconstructed 
radiographic images may not be comparable to that of standard radiographic images. 
Barg et al. [13] reported that the medial distal tibial angles measured on DRR were 
slightly lower than those on the corresponding standard radiographs. However, the 
difference was minimal, and we believe that it did not affect the overall result of this 
study. Second, we extracted only 1MT to create the simulated 1MT axial views. 
However, on the clinical 1MT axial views, the silhouettes of other bones, such as the 
first phalangeal bones and sesamoids, can be superimposed on that of the 1MT. This 
can obscure the contour of the 1MT and make it difficult to consistently identify the 
reference points. Therefore, the measurement repeatability shown in this study should 
be interpreted as the result under an ideal condition. The weightbearing CT image that 
accurately recreated the weightbearing status of the 1MT axial view was necessary to 
create the DRR that incorporate the overlap of the bones. However, the additional 
radiation exposure was necessary to obtain such images specifically for the study. 
Third, several subjects without symptoms of HV were included in the HV group. The 
shape of the first metatarsal head in asymptomatic HV patients may be different from 
the shape of symptomatic HV patients. However, we were unable to recruit 
symptomatic patients with HV because they did not routinely undergo CT as the 
preoperative evaluation in our clinical practice. Fourth, a priori sample size calculation 
was not performed. The post-hoc calculation showed that a minimum of 7 patients 
would have been required to achieve a power of 80% with the level of significance at 
0.05 in a simple linear regression analysis. Finally, we simulated the 1MT axial 
radiography, which was obtained with the feet on the wedged positioning platform, to 
create the DRR. Placing the foot on the platform can alter the pronation angle compared 
to the condition where the foot is on the flat floor [22]; however, this is beyond the 
scope of this study. 
 
5. Conclusion 
Measurement of 1MT pronation angle using the axial view approximately 
represented the pronation along the longitudinal axis. The measurements were not 
influenced by the variability in foot position, which can occur in the clinical practice. 
Furthermore, the measurement repeatability was excellent. Further research using the 
clinical radiographs is necessary to clarify if the result of this study can be applied to 
clinical practice. 
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Figure captions 
Fig. 1. (A) Foot position for the first metatarsal axial view. (B) The radiograph with the 
ideal position. The first metatarsal is aligned parallel to the X-ray beam in the transverse 
plane. (C) The radiograph with the first metatarsal adducted 
 
Fig. 2. (A) Computed tomographic image (right foot) with three-dimensional volume 
rendering. (B) Digitally reconstructed radiograph. The image can be rotated through 
360° along the three axes in the virtual space 
 
Fig. 3. Neutral position of the digitally reconstructed radiograph of the first metatarsal 
(right foot). (A) Dorsal view, (B) Lateral view, and (C) Anterior view. ap, 
anteroposterior axis; ml,mediolateral axis, si, superoinferior axis 
 
Fig. 4. (A) The digitally reconstructed image is pronated by a known angle, which 
serves as the reference pronation angle. (B)The image is then plantarflexed and 
adducted to create the simulated first metatarsal axial view. DRR, digitally 
reconstructed radiography 
 
Fig. 5. Correlations of the measurement error with pronation, plantarflexion and 
abduction angles of the first metatarsal in the non-HV group 
 
Fig. 6. Correlations of the measurement error with pronation, plantarflexion and 
abduction angles of the first metatarsal in the HV group. 
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